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1 Introduction
Liquid flow in mechanically stirred vessels has been
studied intensively on recent decades. Numerous theoretical
and experimental studies have been performed concerning
various aspects of liquid flow in stirred vessels, e.g., mean
flow velocity, intensity of turbulence, energy dissipation rate
or spatial and temporal scales of a turbulent velocity field,
etc. Liquid flow in a stirred vessel operated under steady
operational conditions may be considered as a pseudo-
-stationary high-dimensional dynamical system constituted
by hierarchically ordered unsteady flows (vortices and eddies).
The temporal and spatial scales of these flows span several
decimal orders of magnitude. Recently, a pseudo-periodic
large-scale flow has been identified in stirred vessels
occurring with very low frequency and manifesting itself on
spatial scales comparable to the size of the mixing vessel
[1–10]. This flow was named macro-instability (MI) of the flow
pattern, and its existence has been confirmed by a special
mechanical measuring device [7], by laser-Doppler veloci-
metry (LDV) [8–10], and by visual observations [11, 12].
The presence of MI in the flow pattern is typically dis-
played by a distinct peak in the low-frequency part of the
power spectrum of the local liquid velocity or other liquid
flow-related experimental data. Comprehensive reviews of
a broad spectrum of experimentally observed phenomena
related to macro-instability were given in our previous papers
[13,14]. Macro-instability of the flow pattern has a strong
impact on mixing processes closely linked to fluid motion,
e.g., on local mass- and heat-transport rates [4], local gas
hold-up [1], homogenisation rate, etc. Bittorf and Kresta
[15] identified the macro-instability of the flow pattern as a
mechanism responsible for liquid mixing outside the active
volume of the primary liquid circulation loop. Macro-in-
stability, however, also exerts strong forces affecting solid
surfaces immersed in stirred liquid, e.g., baffles, draft tubes,
cooling and heating coils, etc. These forces may significantly
affect the performance of the mixing vessel and, in certain
cases, can even cause serious failures of the equipment.
An axially located pitched blade impeller in a standard
cylindrical mixing vessel equipped with radial baffles exhibits
two main force effects: axial and tangential. The axial force
affects radial baffles only very slightly. Conversely, it is the
tangential force that exhibits most of the dynamic pressure
affecting them. The vertical distribution (along the baffle) of
the dynamic pressure was measured in a standard mixing
vessel by Kratěna et al [16–18] over a wide interval of impeller
Reynolds number value and in dependence on the impeller
off-bottom clearance height. The force effects of two types
of impellers were studied: pitched blade impellers with
four or six blades and the standard Rushton turbine. Strong
qualitative differences in the vertical distribution of the mean
tangential force and of its variance were observed. Pitched
blade impellers elicit maximum force at the vessel bottom,
and the magnitude of the force gradually falls in the direction
towards the liquid level. Rushton turbine impellers produce
maximum force at the impeller level and the force rapidly
decays in both the below-impeller and above-impeller region.
Few attempts have been reported in the literature [19, 20]
to separate the deterministic and stochastic components of
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Experimental data obtained by measuring the tangential component of force affecting radial baffles in a flat-bottomed cylindrical mixing
vessel stirred with pitched blade impellers is analysed. The maximum mean tangential force is detected at the vessel bottom. The mean force
value increases somewhat with decreasing impeller off-bottom clearance and is noticeably affected by the number of impeller blades. Spectral
analysis of the experimental data clearly demonstrated the presence of its macro-instability (MI) related low-frequency component embedded
in the total force at all values of impeller Reynolds number. The dimensionless frequency of the occurrence of the MI force component is
independent of stirring speed, position along the baffle, number of impeller blades and liquid viscosity. Its mean value is about 0.074. The
relative magnitude (QMI) of the MI-related component of the total force is evaluated by a combination of proper orthogonal decomposition
(POD) and spectral analysis. Relative magnitude QMI was analysed in dependence on the frequency of the impeller revolution, the axial
position of the measuring point in the vessel, the number of impeller blades, the impeller off-bottom clearance, and liquid viscosity. Higher
values of QMI are observed at higher impeller off-bottom clearance height and (generally) QMI decreases slightly with increasing impeller
speed. The QMI value decreases in the direction from vessel bottom to liquid level. No evident difference was observed between 4 blade and 6
blade impellers. Liquid viscosity has only a marginal impact on the QMI value.
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mixing phenomena in stirred tanks. Letellier et al [19] adopt-
ed a Hilbert transform based procedure for separating the
low-dimensional deterministic part of an experimental time
series. Kovacs et al [20] used the Fourier transform for the
same purpose. Recently we have established a new technique
for detecting the macro-instability of the flow pattern from
local velocity data, evaluating its relative magnitude and
reconstructing its temporal evolution [13, 14, 21]. The
technique is based on a combination of spectral analysis
with proper orthogonal decomposition [22–26], and in this
paper we apply this technique to experimental data obtain-
ed by Kratěna et al [16–18] by measuring the tangential
component of the force exerted on radial baffles by the liquid
flow in a mixing vessel in order to quantify the relative
magnitude of its macro-instability related component, to
analyse its vertical distribution in the vessel and the effects of
the frequency of the impeller revolution, the number of
impeller blades and the liquid viscosity. The frequency of
occurrence of macro-instability related force component is
also analysed.
2 Experimental
A cylindrical flat-bottomed vessel with four radial baffles
was used in all experiments reported in this paper. The
dimensions of the vessel and of the impellers are marked in
Fig. 1 and their values are listed in Table 1. Two pitched blade
impellers with six and four blades (pitch angle 45°) were used
for stirring. The impellers pumped the liquid towards the
bottom of the vessel.
Water and hot and cold aqueous glycerine solutions (with
viscosity 3 and 6 mPas, respectively) were used as working
liquids in order to extend the experimentally attainable in-
terval of impeller Reynolds number values. The frequency of
impeller rotation fM was varied from 5 s
1 to 9.17 s1. The
corresponding interval of ReM values was (approximately)
from 16000 to 83300.
The tangential force affecting the baffles was measured
by means of a trailing target (target height hT  10 mm, tar-
get width B  28 mm) located in a slit made in the baffle and
enabled to rotate around an axis parallel to the vessel axis.
The target was balanced by a couple of (calibrated) springs,
and its angular displacement was scanned via a photo-elec-
tronic sensor (see Kratěna et al [16–18] for details of the mea-
suring equipment). The sampling period was TS  20 ms. The
signal from the sensor was recorded on a PC (after A/D con-
version) and subsequently used for evaluation of the tangen-
tial force {Fi, i  1, …, NS} affecting the target. The duration
of a single experiment was 20 minutes and NS  60000 sam-
ples was typically stored.
Finally, the force Fi was converted to dimensionless force










The time series of Fi
* values measured at seven distinct
locations H HT of the target along the baffle (see Table 1)
were used for analysis. At each target height, the value of
ReM was varied over the entire attainable interval. The total
number of processed data sets was 335.
3 Numerical analysis of experimental
data
The numerical procedures used for experimental data
analysis are described only briefly, as details can be found
either in the original papers [22–26] or in our previous
reports [13, 14, 21].
The power spectra of the time records of the measur-
ed tangential force were used to detect the presence of
the component generated by the macro-instability of the
flow pattern. The power spectral densities were evaluated by
means of an algorithm based on the fast Fourier transform
[27]. Examples of power spectra of the analysed data are
shown in Fig. 3. The peaks located at dimensionless frequen-
cy f fM  0075. clearly demonstrate the presence of an MI-
-related component of the total measured force at all impeller
Reynolds number values. The value of the dimensionless
60 ©  Czech Technical University Publishing House http://ctn.cvut.cz/ap/
Acta Polytechnica Vol. 42  No. 3/2002
Dimension Value
Vessel diameter T  0.3 m






H2/T  0.20 and 0.35
Measuring target relative
axial position
HT/H  0; 0.1; 0.2; 0.35; 0.5;
0.65; 0.8
Relative baffle width b /T  0.1
Relative impeller blade
width
h /D  0.2
Number of impeller
blades
NB  4 and 6











Fig. 1: Mixing vessel geometry
frequency of the MI-related peak ( f fM  0075. ) agrees very
well with the findings of other authors and of our previous
studies, which were, however, based on entirely different ex-
perimental data (local liquid velocity) [7–10, 13, 14, 21].
A procedure based on an application of the proper
orthogonal decomposition (POD) technique was used for
extracting the MI-related low-frequency component from the
experimental data. Details of the procedure can be found in
our previous papers [13,14,21], and the general principles of
POD are described elsewhere [22]. First, the raw data, i.e., the
time series {Fi
*, i  1, …, NS} recorded at a given measuring
point, is centred by subtracting the mean force value Fm
*
i i m S
* * * , , ,  F F i N1 . (2)
Then, the so called N-window [24–26] is applied to the
centred data series {i
*, i  1, …, NS}. The N-window extracts
N consecutive elements from the series {i
*} to vector {k
*}
   	k j S* *, , , , , ,  
     j k k N k N N 1 1 1 (3)
The set of vectors {k
*, k  1, …, m (N1)} resulting from
repeated application of the N-window to the centred velocity
data is then rearranged to a form of the so called trajectory
matrix W
 	 W=   1 2 N N
T
S
* * *, , ,  1 . (4)
Autocovariance matrix R of the trajectory matrix W is then
evaluated by matrix multiplication
R WW T (5)
and its (non-negative) eigenvalues k and eigenvectors Vk,
k  1, …, N are then determined by any proper algorithm,
e.g., by singular value decomposition [27]. The eigenvalues
k sorted in decreasing order form a so called spectrum of
POD eigenvalues, and each k value expresses the magnitude
of the contribution of the k-th eigenmode to the total
analysed signal. The eigenvectors Vk are used for evaluating
the eigenmodes ak(t) of the original data series {Fi
*} using the
relation
 	  	a tk k W V , (6)
where (  ) denotes the inner product. The eigenmodes are
functions of only time and are often called chronos [24]. The
eigenmodes ak(t) can be used for reconstructing the temporal
evolution of the macro-instability related component of the
data





   , , ,1 . (7)
The summation in Eq. (7) is performed over a set of
selected values of the index KMI: the power spectra of the
eigenmodes ak(t) are evaluated first. Then only eigenmodes
with a single significant peak in their power spectra, located
exactly at the macro-instability frequency fMI (cf. Fig. 7), are
summed in Eq. (7), and thus the MI-related phenomenon
is reconstructed. More details on eigenmode selection and
the summation procedure can be found in our previous
papers [13,14,21]. The eigenvalues k are used for evaluating
the relative magnitude QMI of the macro-instability related















The summation in the numerator on the right hand side
of Eq. (8) is performed over the same KMI values as in Eq. (7).
4 Results and Discussion
First, the vertical distribution of the magnitude and the
variability of the dimensionless tangential force affecting the
baffle in the mixing vessel was analysed. The mean values Fm
*
were evaluated for each moving target location H HT and
mixing vessel configuration used in the experiments (the
configuration is specified by the number of impeller blades
NB and by the impeller off-bottom clearance height H H2 ).
Averaging of the tangential force values was performed over
all ReM values used at a given target location and vessel
configuration, i.e., the values measured at different impeller
speeds fM and at different liquid viscosities were averaged.
The results are shown in Fig. 2. This figure also shows the
standard deviation of the dimensionless tangential force
resulting from the averaging procedure (error bars). The
standard deviation characterises the variability of the value of
Fm
* due to the varying ReM value. It is obvious that the
distribution of mean tangential force Fm
* along the baffle is
qualitatively the same for all configurations of the mixing
vessel. The force attains its maximum at the vessel bottom and
then decreases to a minimum located slightly above
the impeller position. The minima attain negative values,
i.e., the direction of the liquid flow and the resulting force
is reverted at their positions compared to the flow at the
vessel bottom. The rapidity of the decrease in the mean
force value is somewhat higher for impellers located closer to
the vessel bottom ( H H2  02. ). In the upper part of the
vessel ( H HT  05. ) the mean force gradually increases back
to positive values that are, however, considerably lower than
the force values recorded at the vessel bottom. The mean
tangential force affecting the baffles is generally lower at
higher values of the impeller off-bottom clearance height,
i.e., at H H2  035. (panels b) and d) in Fig. 2), and for the
four blade impeller (panels c) and d) in Fig. 2). The variability
of the mean tangential force (error bars in Fig. 2) decreases
from the bottom to the top of the mixing vessel for all
vessel configurations. The variability of the tangential force
is particularly profound at the vessel bottom and in the
adjacent below-impeller region, i.e., in the region where the
baffles are affected by the impeller discharge stream. The
effects of the impeller rotation speed and of the liquid viscos-
ity are suppressed in the above-impeller region, i.e., in the
ascending liquid stream, where the tangential force is
generally weak.
Spectral analysis of the experimental time series data
was performed in order to detect the macro-instability relat-
ed component of the total tangential force embedded in
the data. The analysis clearly demonstrates the presence of
distinct peaks in the low-frequency part ( f / fM < 0.1) of the
power spectra for all vessel configurations and all impel-
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ler number values. Examples are shown in Fig. 3, where the
power spectra of the data measured at the lowest position of
the measuring target (H HT  0) are depicted. The heights
of the MI-related peaks decrease with increasing ReM, but the
peaks are easily detectable even at the highest ReM values
used in the experiments. Fig. 3 further suggests that the
dimensionless frequency f fMI M  0075. corresponding to
the maxima of the MI-related peaks does not depend on
the impeller speed, the number of impeller blades and the
impeller off-bottom clearance.
In order to analyse this presumption in greater detail, the
dimensionless peak frequencies f fMI M were determined for
each data set, and then averaged values and standard devia-
tions were evaluated. The results are summarised in Table 2.
The peak frequencies take practically the same value for all
vessel configurations. The magnitude of the differences of
mean peak frequencies between configurations is comparable
with the magnitudes of their standard deviation (the coeffi-
cient of variation takes values of about 10 % in all cases). The
differences are not therefore significant. Nevertheless, we can
speculate that the dimensionless frequency f fMI M increases
somewhat with an increasing number of impeller blades. The
dependencies of the frequency of the MI-related peaks in the
power spectra on the frequency of the impeller revolution
and on the axial position along the baffle are shown in Figs. 4
and 5.
Fig. 4 shows f fMI M values averaged along the baffle, i.e.,
averaged across all moving target positions H HT , as a func-
tion of the frequency of the impeller revolution. Full lines in
Fig. 4 indicate the overall mean values from Table 2, and the
dashed lines delimit the interval of the two standard devia-
tions. It is evident that the f fMI M value does not depend on
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Fig. 2: Vertical distribution of mean dimensionless tangential force Fm
* and its standard deviation in a mixing vessel. Empty circles de-
note mean values; error bars depict interval of mean value ± one standard deviation: a) 4 blade impeller, H H2 0 2 . ; b) 4 blade
impeller, H H2 0 35 . ; c) 6 blade impeller, H H2 0 2 . ; d) 6 blade impeller, H H2 0 35 . .
the impeller speed and on the viscosity of the working liquid.
The dependencies of the f fMI M values (averaged over all
ReM values) on target height depicted in Fig. 5 indicate that
the f fMI M value also does not depend on the axial position
in the vessel. This fact confirms the deductions reported in
the literature [7–10, 13–18, 21] that the macro-instability of
the flow-pattern is a large-scale, spatially synchronised phe-
nomenon occupying a substantial part of the mixing vessel
volume. The results of frequency analysis indicate that the
frequency of the macro-instability related component of tan-
gential force fMI increases linearly with increasing impeller
speed fM, as observed, e.g., by Brůha et al [7] and Montes
et al [8–10]. The overall mean value of the proportionality
constant between fMI and fM (resulting from our analysis, cf.
Table 2) is 0.074. This value agrees well with the values
reported by other authors [7–10, 15], although they used
qualitatively different experimental data, for example local
liquid velocity.
Quantification of the relative contribution of the MI-re-
lated component to the total tangential force affecting the
baffle was performed by means of proper orthogonal de-
composition of the experimental time series, as described
in section 3. The used length of the N-window was N  300.
POD analysis unveiled a quite complex inner structure of the
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NB H H2 Mean value SD CV
4 0.20 0.0691 0.0081 0.117
4 0.35 0.0718 0.0057 0.079
6 0.20 0.0765 0.0078 0.102
6 0.35 0.0775 0.0077 0.099
Table 2: Mean values of dimensionless frequency f fMI M of
macro-instability related component of dimensionless
tangential force affecting the baffle
Fig. 3: Power spectral densities of tangential force measured at vessel bottom, H HT  0: a) 4 blade impeller, H H2 0 2 . ; b) 4 blade
impeller, H H2 0 35 . ; c) 6 blade impeller, H H2 0 2 . ; d) 6 blade impeller, H H2 0 35 . . Full lines: ReM 16000; dotted lines:
ReM  25000; dash-dotted lines: ReM  50000.
low-frequency domain of the force: the spectrum of POD
eigenvalues in Fig. 6 documents that the values of k decay
quite slowly with increasing index k, i.e., the total force is com-
posed of a large number of significant components. There is
typically one leading (maximum) eigenvalue (k  1) followed
by 7–9 medium-valued eigenvalues (k  2–10) capturing the
low-frequency components of the force and, finally, there
is a tail of slowly decaying low-valued eigenvalues (k > 10)
capturing the high-frequency (turbulent and noisy) compo-
nents of the force.
The leading eigenvalue 1 reflects the presence of a very
slowly varying component in the measured signal. Its dimens-
ionless frequency is of the order of 104–103 (substantially
below the typical dimensionless MI frequency: 102) and can
be assigned to the unsteadiness of the operational conditions
of the vessel or of the measuring equipment. The tail parts
of the POD eigenvalue spectra in Fig. 6 correspond to eigen-
modes with frequencies considerably above the typical MI
frequency. These eigenmodes capture the fast, low spatial
scale liquid motions (turbulent eddies) in the vessel. The
macro-instability component of the total tangential force is
typically captured by one or two (exceptionally by three) of the
medium-valued eigenvalues (k  2–10). This is documented
in Fig. 7, where the power spectrum of the measured force
is plotted (thick full line) together with the power spectra of
the first ten POD eigenmodes. Two eigenmodes (specifically
eigenmodes with k  2 and k  3) contribute to the MI compo-
nent as their sole peaks (emphasised by empty and filled
circles in Fig. 7) are located at exactly the same frequency as
the MI-related peak in the spectrum of measured (non-de-
composed) force. Other eigenmodes (k  4) do not contribute
to the MI component, as their peaks (plotted with dashed
lines) do not coincide with the MI peak of total force, but
are evenly spread across the low-frequency domain. Their
peak frequencies are either lower or higher than fMI, but do
not coincide with fMI. The relative magnitude QMI of the MI
fraction of the total force was evaluated using Eq. (8) with
KMI  {2, 3}. In this way all data sets were processed and the
QMI values were evaluated for all experimental configura-
tions. The results are plotted in Figs. 8 and 9.
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cold glycerine solution hot glycerine solution circles: water
Fig. 4: Dimensionless frequency f fMI M of macro-instability related fraction of the total tangential force averaged along the vessel
height as a function of frequency of impeller rotation fM: a) 4 blade impeller, H H2 0 2 . ; b) 4 blade impeller, H H2 0 35 . ;
c) 6 blade impeller, H H2 0 2 . ; d) 6 blade impeller, H H2 0 35 . . Full line: mean value; dashed lines: mean value ± one stan-
dard deviation.
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cold glycerine solution hot glycerine solution circles: water
Fig. 5: Dimensionless frequency f fMI M of macro-instability related fraction of total tangential force averaged over impeller rotation
speeds as a function of dimensionless axial position H HT : a) 4 blade impeller, H H2 0 2 . ; b) 4 blade impeller, H H2 0 35 . ;
c) 6 blade impeller, H H2 0 2 . ; d) 6 blade impeller, H H2 0 35 . . Full line: mean value; dashed lines: mean value ± one stan-
dard deviation.
cold glycerine solution, 7.33 sfM=
- 1







Fig. 6: Spectra of POD eigenvalues k obtained by POD of experimental tangential force time series. 6 blade impeller, off-bottom clear-
ance H H2 0 2 . : a) H HT  0 (vessel bottom); b) fM  7 33. s
1, hot glycerine solution
The relative magnitude QMI of the MI-related component
of the tangential force varies, in general, within the interval
0.05–0.15. These figures indicate that the macro-instability of
the flow pattern in mixing vessels generates a significant part
of the force effects exerted by a flowing liquid on solid sur-
faces, in this case on baffles. The primary factor affecting
the value of QMI (cf. Figs. 8 and 9) is the impeller off-bottom
clearance H H2 . The principal effect of impeller off-bottom
clearance on the circulation pattern in a stirred tank was
demonstrated by Kresta and Wood [5]. The relative magni-
tude QMI of the MI component is markedly higher for higher
impeller location H H2  035. .
The influence of impeller speed fM on the value of QMI is
weak (cf. Fig. 8): the QMI value decreases only modestly with
increasing frequency of impeller revolution fM. It can be con-
cluded that the macro-instability related force affecting the
baffles is a persistent phenomenon that is not destroyed by
turbulent liquid flow in the vessel. The plots in Fig. 8 do not
indicate any substantial and consonant influence of liquid
viscosity on the QMI value, as the scatter of data points plotted
in Fig. 8 is within the error limits of the QMI value evaluation.
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Fig. 7: Power spectral densities of measured tangential force
(thick full line) and of its POD eigenmodes: the only POD
eigenmodes #2 and #3 (thin full lines with filled and
empty circles) contribute to the MI-related fraction of the
total force. Other POD eigenmodes (thin dash-dotted
lines) do not contribute to MI. Experimental conditions:
4 blade impeller; H H2 0 35 . ; H HT  0; fM  6 5. s
1;
ReM 16818 (cold glycerine solution).
and full line: cold glycerine solution and dashed line: hot glycerine solution and dash-dotted line: water
Fig. 8: Relative magnitude QMI of the MI-related fraction of the total tangential force affecting the baffle as a function of the impeller
speed fM: a) 4 blade impeller, H H2 0 2 . ; b) 4 blade impeller, H H2 0 35 . ; c) 6 blade impeller, H H2 0 2 . ; d) 6 blade impel-
ler, H H2 0 35 . . The points plotted at the same fM value were obtained at distinct H HT values.
No effect of the number of impeller blades on the QMI value
is visible.
The magnitude of the macro-instability related compo-
nent of the tangential force varies significantly in the vertical
direction (Fig. 9). The QMI value is, in general, higher at
the vessel bottom, H HT  0. This fact becomes very obvi-
ous when the impeller location is higher (H H2  035. ) –
cf. panels b) and d) in Fig. 9. When the impeller location is
lower (H H2  020. ), no monotonous dependence of the QMI
value on the vertical position is obvious, but the decreasing
trend of the QMI value with increasing vertical position still
can be deduced, having in mind that the relative error of QMI
evaluation is about ±15 %. Fig. 9 confirms the conclusions
deduced from Fig. 8: the QMI value is substantially influenced
by the impeller off-bottom clearance and by the number
of impeller blades (higher values of both quantities invoke
higher QMI values); liquid viscosity has only marginal effects
on the QMI value.
5 Conclusions
The existence of macro-instability of the flow pattern in
stirred vessels has been noted many times in the literature,
but few attempts have been made to evaluate its quantitative
measures. Recently we described a method for evaluating the
relative magnitude of the MI-related component of the local
liquid velocity [13, 14, 21]. In this paper the procedure was
adopted for an analysis of qualitatively distinct data – the
force affecting radial baffles in a stirred vessel. The procedure
proved to be an efficient and reliable tool. The frequency
of the MI-related component of the force and its relative mag-
nitude were determined. The frequency of the MI-related
component is independent of the operating conditions in the
vessel and geometrical configuration of the vessel and the
stirrer. The MI-related component forms a significant part of
the total tangential force affecting the baffle.
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and full line: cold glycerine solution and dashed line: hot glycerine solution and dash-dotted line: water
Fig. 9: Vertical distribution of the relative magnitude QMI of the MI-related fraction of the total tangential force: a) 4 blade impeller,
H H2 0 2 . ; b) 4 blade impeller, H H2 0 35 . ; c) 6 blade impeller, H H2 0 2 . ; d) 6 blade impeller, H H2 0 35 .
List of Symbols
a(t) POD eigenmode -
b baffle width m
B moving target width m
D impeller diameter m
fM frequency of impeller revolution s
1
fMI frequency of macro-instability s
1
F tangential force affecting baffles N




* mean dimensionless force -
h impeller blade width m
hT moving target height m
H liquid filling height m
H2 impeller off-bottom clearance m
HT moving target axial position m
NB number of impeller blades -
NS number of samples -
QMI relative magnitude of MI-related
fraction of tangential force
-
R autocovariance matrix -






T mixing vessel diameter m
TS sampling period s
V POD eigenvectors -




liquid density kg m3
	
dynamical liquid viscosity Pa s
* centred value of tangential force N




A/D analog to digital conversion
CV coefficient of variation
LDV laser Doppler velocimetry
MI macro-instability
POD proper orthogonal decomposition
PSD power spectral density
SD standard deviation
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